Abstract: Based on the assumption that economic complexity is characterised by the interactions of "economic agents (who) constantly change their actions and strategies in response to the outcome they mutually create", this paper presents how network models can be used a "proxies" for the mapping, quantification and analysis of Roman economic complexity. Network analysis provides tools to visualise and analyse the "inherent" complexity of various types of data and their combination (archaeological, geographical, textual) or even of a single piece of evidence. Equally, the relational approach invites to a structural and quantitative comparison between periods, regions and the economic systems of polities and empires. An increasing number of proxies of this kind may allow us to capture the trajectories of economic complexity beyond metaphors.
correspondence between patterns emerging from these models and observed data (a top-down approach).
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 Efforts to survey, map and analyse the connections and interactions between various elements (individuals, groups, settlements, polities, but also objects or semantic entities) documented in historical or archaeological evidence with the help of network models in the form of graphs with "nodes" and "ties", also in their spatial and temporal dynamics. Again, statistical "signatures of complexity" (e. g. patterns of distribution of the number of links among nodes) are identified and models for their emergence in growing or changing networks are proposed (e. g., mechanisms of preferential attachment causing increasing inequality among nodes regarding their "centrality") (see below for a further outline).
 Experiments to capture the "bottom up"-dynamics of complex systems emerging from the interaction of single elements with the help of agent-based models, acting on the basis of a set of (often relatively simple) rules within a simulated (spatial) environment over several time steps. 8 Again, emerging statistical properties of such models are compared with observed data in order to determine their explanatory value.
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In several cases, these approaches are combined. 10 Yet despite all mathematical and computer-based sophistication, similar to any other study on the past they depend on the density and quality of historical (mainly textual) or archaeological evidence. And while they may provide insights into processes and patterns otherwise "in-visible" for any conventional analysis, any evaluation of their heuristic explanatory value relies on their check against "real" data. As I will demonstrate, network analysis provides tools to visualise and analyse the "inherent" complexity of various types of "real" historical and archaeological data and their combination (archaeological, geographical, textual) or even of a single piece of evidence, thus producing a wide range of "proxies for complexity".
The relational approach: how to model and analyse networks and to measure their complexity
In general, network theory assumes "not only that ties matter, but that they are organized in a significant way, that this or that (node) has an interesting position in terms of its ties." 11 One central aim of network analysis is the identification of structures of relations which emerge from the sum of interactions and connections between individual, groups or sites and at the same time influence the scope of actions of everyone entangled in such relations. For this purpose, data on the categories, intensity, frequency and dynamics of interactions and relations between entities of interest is systematically collected in a way which allows for further mathematical analysis. This information is organised in the form of matrices (with rows and columns) and graphs (with nodes [vertices] and edges [links] ), which are not only instruments of data collection and visualisation, but also the basis of further mathematical operations (on the basis of matrix algebra and graph theory).
12
Once a quantifiable network model has been created, it allows for a structural analysis on three main levels 13 :
* the level of single nodes; respective measures take into account the immediate "neighbourhood" of a node -such as "degree", which measures the number of direct links of a node to other nodes 14 or the relative centrality of a node within the entire network due to its position on many or few possible paths between nodes otherwise unconnected -the measure of "betweenness", which can be interpreted as a potential for intermediation. 15 A further important indicator of centrality is "closeness", which measures the length of all paths between a node and all other nodes. The "closer" a node is, the lower is its total and average distance to all other nodes. Closeness can also be used as a measure of how fast it would take to spread resources or information from a node to all other nodes.
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* the level of groups of nodes, especially the identification of "clusters", meaning the existence of groups of nodes more densely connected to each other than to the rest of the network; if all nodes within such a group are directly connected with each other, they are called "clique"; a measure of the degree to which nodes in a graph tend to cluster together is the "clustering coefficient" (with values between 0 and 1). 17 In order to detect such cliques and clusters, an inspection of a visualisation of a network can be already quite helpful;
common visualisation tools arrange nodes more closely connected near to each other ("spring embedder"-algorithms) and thus provide a good impression of such structures. 18 For exact identification, there exist various algorithms of "group detection" (such as the ones developed by the physicist M. Newman, see below), which aim at an optimal "partition" of the network.
It is of course also of interest to see if the presence of nodes within such clusters can be related to specific qualitative attributes, for instance. 19 A different approach is the concept of "structural equivalence" of nodes; here, nodes are not attributed to the same "block" because of being connected to each other, but due to having the same (or very similar) structure of ties to other actors (thus, within a network of a school, one would encounter a block of "teachers" and one of "disciples", between which similar structures of relations could be identified).
Again, several tools of "blockmodelling" exist.
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* the level of the entire network: basic key figures are the number of nodes and of links, the maximum distance between two nodes (expressed in the number of links necessary to find a path from one to the other; "diameter") and the average distance (or path length) between two nodes. A low average path length among nodes together with a high clustering coefficient can be connected to the model of a "small world network", in which most nodes are linked to each other via a relatively small number of edges. 21 "Density" indicates the ratio of possible links actually present in a network: theoretically, all nodes in a network could be connected to each other (this would be a density of "1"). A density of "0.1" indicates that 10 % of these possible links exist within a network; the higher the number of nodes, the higher of course the number of possible links. Thus, in general, density tends to decrease with the size of a network.
Therefore, it only makes sense to compare the densities of networks of (almost) the same size.
Density can be interpreted as one indicator for the relative "cohesion", but also for the "complexity" of a network. 22 Other measurements are based on the equal or unequal distribution of quantitative characteristics such as degree among nodes; a high "degree centralisation" indicates that many links are concentrated on a relatively small number of nodes. 23 These distributions can also be statistically analysed and visualised for all nodes (by counting the frequency of single degree values) and used for the comparison of networks; again, certain distribution patterns (most prominently, power laws) are interpreted as "signatures of complexity" of a network ("scale free-networks").
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Networks are of course dynamic: relationships may be established, maintained, modified or terminated; nodes appear in a network and disappear (also from the sources). Standard tools of network analysis (still) force us to integrate these changes into one more or less static model. The common solution to capture at least part of these dynamics is to define "timeslices" (divided through meaningful caesurae in the development of the object of research, as defined by the researcher knowing the material) and to model distinct networks for each of them (see a simple example with two time slices in the following sub-chapter). to the "inadequate and somehow unrealistic idea that the imperial economy was controlled by a large redistributive system" (Bang).
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As Jean-Michel Carrié has outlined, for sure there is an "overrepresentation of the (state) sector in surviving documents" 33 ; but for our question, these sources at least provide evidence for considerations on the (minimum) scale and degree of infrastructural and organisational complexity necessary to maintain the "particular flow of resources and population directed by the imperial center" on which its success and survival depended (what Sam White for the Ottoman case has called the "imperial ecology"). 34 When Emperor Julian in 362 CE provided 420,000 modii of wheat from imperial estates around the cities of Chalkis, Epiphania and
Hierapolis for the starving population of the megalopolis of Antioch (ca. 160 km on the road west of Hierapolis), we may assume (according to Michael Decker) that "Julian mobilized the produce of more than 26,250 iugera of land and the sweat of more than 2,500 cultivators" in addition to 28,000 camels (with drivers, for the transport over land) for this supply "sufficient to feed approximately 262,500 adult males for a month or 4,468 families for a year". But we also learn that the first measure of the emperor had been the fixing of grain prices, which had provoked the major producers and dealers to "held their grain back from the market" for lack 31 P. Temin, The Roman Market Economy. Princeton -Oxford 2013; P. Erdkamp, The Grain Market in the Roman Empire: A social, political and economic study. Furthermore, recent debates in economic history somehow "vindicate" the significance of the state for economic development -in many cases, state activity was "not a sufficient, (…) but necessary condition" for growth. Even warfare can be interpreted as important "economic activity", and a military commander could be regarded as an economic agent like others.
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The collapse of the (Western) Roman Empire also provides argumenta ex negativo for the relevance of the Roman imperial framework for economic complexity and its trajectory in its absence. While there may be no consensus on the degree of market integration in the Roman economy, on the basis of archaeological evidence, it seems clear that one of its most remarkable features was the "widespread diffusion" of goods (as especially evident from pottery), "not only geographically (sometimes being transported over many hundreds of miles), but also socially (so that it reached not just the rich, but also the poor)". 38 According to
Bryan Ward-Perkins, the "end of complexity", on the contrast, was indicated by the reduction of the lateral as well as vertical range of connectivity, so that "even in the few places, like Rome, were pottery imports and production remained exceptionally buoyant, the middle and lower markets for good-quality goods (…) had wholly disappeared". The "dismembering of imperial framework, an agglomeration of "isolated", maybe "self-sufficient" clusters or "small worlds" of settlements and regions could have (re-)appeared, whose (maybe only slightly reduced) welfare would have depended mainly on their internal socio-economic dynamics as it did before -obviously, this what not the case, and the fragments of the former system were alone less than their sum (as could be expected for a complex system). . 42 In case of parallel links between nodes in the data set, the "cheapest" connection was selected. 43 Newman, Networks 168-169.
Aegean). Statistically, the distribution of these degree values is very unequal, with a high number of nodes with relatively low degree centrality and a small number of "hubs" with high centrality values ( fig. 8 ). As indicated above, betweenness on the contrast measures the relative centrality of a node in the entire network due to its position on many (or few) potential shortest paths between nodes. 44 In the ORBIS-network, the hubs of maritime transport serve as most important integrators of the entire system in this regard; at the same, the statistical distribution of betweenness values is even more unequal than the one of degree centrality ( fig. 9 ). "Closeness" in turn measures the average length of all paths between a node and all other nodes in a network and indicates its overall centrality (or remoteness).
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Statistically, closeness-values are relatively equally distributed; but their spatial distribution demonstrates the decisive role of maritime connectivity via the Mediterranean for the cohesion of the entire network ( fig. 10) . The ORBIS-model, which is also characterised by a (relatively to its size) high value of circuitry (0.32, see above 1.2 for this measure), thus
shows several "signatures of complexity" of large scale networks.
The ORBIS-model can also be used to approach structural differentiations within the Roman traffic system; as outline above, networks are often structured in clusters, meaning groups of nodes which are more densely and closely connected among each other than with the rest of the network. For the identification, we use the algorithm for "group detection" developed by M. Newman, which aims at an "optimal" partition of the network into clusters. 46 Complex network are characterised by "nested clustering", such that within clusters further subclusters can be detected, within which further cluster can be identified, across several levels of hierarchy.
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With the help of the Newman-algorithm we identify 25 regional resp. over-regional clusters of higher internal connectivity within the ORBIS-model ( fig. 11) The majority of these clusters owe their connectivity again to either maritime connections (nr. 5, 6, 7, 8, 9, 12, 13, 15, 16, 17, 18, 19, 20, 21, 22, 24, 25) or riverine routes (nr. 1, 3, 4, 14, 23) . 48 In order to test the concept of "nested clustering", we applied the Newman-algorithm also on each of the 25 (over)regional clusters, resulting in the identification of between three and eight local or regional sub-clusters within each of the larger clusters ( fig. 11) . This complex network model of localities and routes in the Roman Empire therefore across several spatial scales can be perceived as a system of nested clusters, down to the level of individual settlements and their hinterlands. In such a network, speed and cohesion of empire-wide connectivity depends on the trans-regional links between these clusters which structure the entire system. It is therefore also somehow located between the scenario of a fragmented In order to target this question, we eliminated step by step all links from the model which would "cost" more than five, more than three, more than two and finally more than one day´s journey(s) (according to the calculations of the ORBIS-team) ( fig. 12) 
A network of places and commodities on the basis of one piece of textual evidence
The traffic system of the Roman Empire (for which a model was just presented) served as infrastructure for the mobility of humans, the transport of commodities and thus any form of market exchange based both on commercial and non-commercial activities (on the discussion of respective shares of these segments in the Roman economy, see above). One of the most interesting contemporaneous texts in this regard does not touch upon the Mediterranean centre of the Imperium, but on its foreign trade: the "Periplus of the Erythraean Sea", a guide to trade and navigation in the Indian Ocean usually dated to the 1 st century CE. 55 Most recently, Eivind Heldaas Seland has used this text as basis for the modelling of various networks, demonstrating also the successful application of the method on a single (albeit also unique)
piece of evidence for questions of Roman economic history; as he explains: "first, the text describes existing networks of people, places and commodities at the time of its composition.
Second, the text allows us speculate on possible and potential linkages that are not definitively described. Third, the text itself can be approached as an inclusive macro-network where words, for instance those describing places, relate to other words de-scribing products. It is this latter aspect of the textually conceived network that allows us to reconstruct former networks that were actually in existence or might well have been so." 56 Especially the last approach, via which Seland models a two-mode network of localities and of goods either exported from or imported to these places, provides a most interesting insight into the complexity of circuits of ancient exchange in the Indian Ocean. Based on the data set provided generously by Seland online 57 , we were able to rebuild this network of 39 places and 112 commodities to apply further manipulations and analyses on it ( fig. 13) . As Seland demonstrates, "the advantage of this network is that it allows us to look at supply/demand relationship in first-century Indian Ocean trade. While the narrative of the Periplus relates 54 The transport of larger amounts of commodities and numbers of people as common in the Roman imperial framework could not be compensated to a comparable amount which would have guaranteed the enduring cohesion of the Mediterranean system by new forms of mobility such as pilgrimage to the Holy Land or the transfer of relics which were continued during and after the crisis of Late Antiquity, cf. only what the author knew was traded in each port, the graph gives access to information on all the places where these products were available." 58 For further analysis, on the basis of this two-mode (or "affiliation") network I modelled two one-mode-networks: one of commodities, where two commodities are connected if they have at least one marketplace in common (see fig. 14) , and one of marketplaces, where two localities are connected if they have at least one commodity in common (see fig. 16 (2015) 306-344. 60 See above on the notion of the "small world network". 61 On such distribution patterns in economics cf. Sinha et al., silverware, molochinon (from which cloth and garments were produced 62 ), cotton-garments, frankincense and precious stones; these more luxurious products co-occur with goods otherwise not to be found in the same circuits of distribution and serve as "intermediaries" between these circuits in the network ( fig. 15) .
Also the one-mode-network of the 39 places connected through ties of co-occurrence of commodities seems to be a densely interwoven "small world" with an average path length of two, a density of 0.35 and a clustering coefficient of 0.732 ( fig. 16) Our analysis thus confirms the findings of Seland: the bias of the Periplus towards the perspective of traders coming from Roman Egypt and aiming at exchanging their products for those provided elsewhere makes itself clearly felt also in the network model. Yet also "Arabian, Indian, Persian Gulf and Bay of Bengal circuits" and the centrality of other nodes "become more visible" by such an "exercise"; network analysis helps to extract this implicit information, which is embedded in the text, but can be identified through reading only with difficulties. 63 We can therefore approach in a different way the structural and commercial parameters under which Roman trade into the Indian Ocean was entangled with various regional and over-regional circuits (this clustering also becomes visible if we apply the Newman-algorithm on the network of places, see fig 18) , summing up to another complex commercial system beyond the Mare Internum of the Mediterranean.
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62 Casson, The Periplus Maris Erythraei 249, assumes that these were also cotton garments of especially high quality, but debate is still open; cf. also Parker, The Making of Roman India 157. 63 Seland, The Periplus of the Erythraean Sea, This structuring of a complex web of commodities and markets, inherent in the information stemming from only one source, shows similarities with results from the application of network theory to modern-day data on the combination of countries and products that they export by Ricardo Hausmann and César A. Hidalgo; on the basis of a two-mode-network-model respectively its transformation into a "network of relatedness between products", defining a "product space of world economy", they were able to detect subtle differences in the 4 Micro-perspectives and qualitative approaches of network analysis
After inspecting network models of river ports, routes, commodities and marketplaces we may remember Brian´s statement from the beginning of this paper that complexity economy is based on the assumption that "economic agents (…) constantly change their actions and strategies in response to the outcome they mutually create" and ask: where are these agents?
Of course, we assume that network structures, (changing) relative positions of nodes or distribution patterns emerge from the interplay of these agents (be it the emperor, a merchant, a craftsman, a peasant or the associations and organisations they form 65 ). The paper of Xavier Rubio Campillo and colleagues prepared for this volume, for instance, comes to the conclusion (based on the stamps from amphorae in Monte Testaccio) that "olive oil production was structured similarly as current firm-size distributions (i.e. it follows a power law)" and supports our assumption on emergent complex properties.
To reflect on the actual social interactions behind this statistical pattern, it may be helpful to take into consideration Harrison White´s elaborate model for markets as networks of firms; he perceives "markets are tangible cliques of producers watching each other" (and less the consumers), creating an emerging "pecking order" of firms. This hierarchy becomes "taken for granted" in the form of a "self-reproducing role structure of relations among the producers". Critics have observed that such dynamics are imaginable only for small markets with maybe a handful of producers; thus, this model could be more valid for pre-modern than modern conditions. 66 But while late medieval material allows us to survey, visualise and model the actual networks of interactions between economic agents 67 , we lack in most cases evidence of comparable density for earlier periods of Mediterranean history but again have to rely on "proxies". Similar to Campillo´s work, Shawn Grahams analysis of the "network dynamics of the Tiber Valley Brick Industry" relies on the co-occurrence of stamps on various sites and highlights some structural dynamics of these networks (with changing degree distribution patterns reflecting different organisational patterns, for instance). 68 Based on the data collected for the Roman potter shops (of terra sigillata) of Rheinzabern (Tabernae) by Allard W. Mees, I prepared a similar network model for the connections between potters respectively potter groups due to the co-occurrence of commonly used hallmarks on their widely distributed products. Also here, one observes an highly unequal distribution of (weighted) degree values for the network model across the entire period of activity of Rheinzabern (ca. 150-270 CE) ( fig. 19 ), but at the same time differences in the density and structure of connectivity between the eight potter groups Mees has identified, whose activities started and ended at different points in time and targeted different sales areas (see fig. 20 and 21). 69 These differences therefore could also reflect different forms of inner organisation or strategies of cooperation, with some groups depending on close interaction and stronger centralisation, while others were more loosely structured.
The emergence of new production sites of terra sigillata in various provinces is also one Florence" with the help of a model of "multiple-network ensembles". 74 The diffusion of technological skills or agricultural practices implies also connections not only between people, but also with and between plants, animals and objects. One could reflect on the socio-economic agency of the silk worm, reportedly smuggled by Christian monks from China to Byzantium in the time of Emperor Justinian I (527-565), or of the sugar cane, allegedly brought from India to China by Buddhist monks in the 7 th century CE; they imported also the complex and intensive entanglements connected with the breeding and manufacture of these products, creating "communities of practice" as well as new networks between producers, traders and consumers across large distances. 75 Theorists of ActorNetwork-Theory (ANT) such as Bruno Latour postulate to regard humans and objects as equal actors within a network; he states: "anything that modifies a state of affairs by making a difference is an actor (…). Thus, the question to ask about any agent is simply the following:
does it make a difference in the course of some other agent´s action or not? 76 ANT has found some attention in archaeology, especially in two books by Carl Knappett and Ian Hodder. 77 The latter emphasises the intensity of entanglements between humans and things: "things depend on people when they are procured, manufactured, exchanged, used and discarded but in particular they depend on people to maintain them if they are to remain as people want them. Or they depend on humans to maintain the environments in which they thrive. Hodder uses as examples in his book). 79 Latour pleads for a complete survey of all possible entanglements within a site and beyond across spatial and temporal scales with all actors and places necessary for a specific place to do something ("localising the global, globalising the local"). 80 At the same time, we have to be aware of aspects of bias, selection, manipulation and fragmentariness inherent in all our pieces of evidence, be it an archaeological assemblage or a text. But we could understand all these phenomena as "narratives of entanglements", which provide us with a certain perspective, a specific extract of the actual totality of entanglements (impossible to capture even for modern-day cases). 81 Both Network Theory and Narratology lead us again to the possibility of quantitative and structural analysis -and in the case of "Quantitative Narrative Analysis" as developed by Roberto Franzosi, they are flowing together. Franzosi wrote: "Narrative texts are doubly relational. 86 Further developments of these methods may allow scholars to fully exploit the potential of the mass of evidence which is already there to analyse the complex relational webs framing respectively emerging from the interplay between (economic) agents in the Roman world.
Conclusion
Network theory aims at central aspects of (economic) complexity: the entanglements between agents and the structural patterns of relations and connections framing and emerging from their interactions. It allows for a modelling of networks across scales (socially -from the individual to the level of cities and polities, spatially -from one production site up to an entire empire, and temporally -from static snapshots for periods of different duration to series of time slices) and for an overlap of webs of ties of different qualities and categories, also 
